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ABSTRACT 

Propulsion systems analyses have indicated that high power xenon ion 
thrusters can enable the use of smaller launch vehicles for orbit transfer mis- 
sions and, thereby, result in major cost benefits. The 50-cm-diam thrusters, 
proposed to satisfy the mission requirements, have been fabricated and evalu- 
ated. Because the ion optics are considered to be the most critical component, 
they were subjected to extensive mechanical and electrical evaluation. The ion 
optics fabrication process, used at NASA Lewis Research Center for the past 
18 years to make 30- and 50-cm-diam ion optics is described. The 50-cm-diam 
ion optics were vibration tested with no apparent damage. The ion extraction 
capabilities of 30- and 50-cm-diam ion optics were evaluated on divergent field 
and ring-cusp discharge chambers and compared. Sensitivities of perveance to 
discharge chamber type, discharge chamber power, and accelerator electrode hole 
diameters were observed. Thrust and input power levels up to 0.64 N and 20 kW, 
respectively, were demonstrated with the divergent field discharge chamber. 
Thruster efficiencies and specific impulse values up to 79 percent and 5000 sec 
were achieved with the ring-cusp discharge chamber. 


INTRODUCTION 

Recent analyses have shown that ion propulsion upper stages for orbit 
transfer missions enable the use of smaller launch vehicles which can result in 
significant cost savings (refs. 1 and 2). In the interest of reducing propul- 
sion system complexity, high power xenon ion thrusters were assumed in those 
studies. Experiments at the NASA Lewis Research Center with 10 kW class diver- 
gent field (ref. 3) and ring-cusp (ref. 4) 30-cm-diam xenon ion thrusters have 
shown a potential for reduced risk by operating a 50-cm-diam thruster at a 
derated thrust level. Therefore, larger 50-cm-diam thrusters were fabricated 
and initial test results describing their performance at this power level have 
been presented (ref. 5). 

The ion extraction system, or ion optics, is considered to be the most 
critical ion thruster component because it typically processes more than 
80 percent of the thruster input power. It also limits the maximum values of 
thrust and power densities, especially at values of specific impulse between 
2000 and 5000 sec, which are near optimum for orbit transfer missions. 
Requirements of ion thrusters for high thrust and relatively low specific 
impulse imply increased ion extraction capability through larger area beams 
and minimum grid-to-grid spacings. This combination can lead to unprece- 
dentedly large span-to-gap ratios of the ion optics. 

Flat perforated plate electrodes, with a span-to-gap ratio of 60, evolved 
during the development of high specific impulse mercury ion thrusters for plan- 
etary space propulsion (ref. 6). When this technology was applied to larger 


diameter, lower specific impulse engines, flat electrodes were found to warp 
severely under thermal loading even when held in tension or separated with 
interelectrode supports (refs. 7 and 8). Interelectrode supports provided 
reduced span-to-gap ratios for 30-cm-diam thrusters but were found to suffer 
from elevated charge exchange erosion rates (refs. 8 and 9). Insulated single 
electrode optics were also found to be unsuccessful (ref. 10). The single 
insulated electrode ion optics provided both poor performance, when operated 
in a vacuum facility with nonmetallic target, and limited lifetime for reasons 
explained in reference 10. 

Eventually, thermally stable 30-cm-diam, dished, two grid ion optics were 
fabricated and found to provide superior performance at relatively close grid- 
to-grid spacings (ref. 11). The span-to-gap ratio had been increased to about 
600. For nearly two decades dished ion optics, ranging in diameter from 8 to 
38 cm have been the preferred design of many ion sources for space propulsion 
and ground based applications (refs. 12 to 18). 

The basic techniques used to successfully construct 30-cm-diam ion optics 
at NASA Lewis were retained to fabricate 50-cm-diam ion optics. This paper 
describes the fabrication process and presents the results of mechanical and 
electrical evaluations of 50-cm-diam ion optics. The discharge chamber design 
and accelerator grid hole diameter were the major hardware variables. 


SYMBOLS 

A 0 accelerator electrode open area, m 2 

d/\ accelerator electrode hole diameter, mm 

d$ screen electrode hole diameter, mm 
EV beam ion production cost, W/A 
e electronic charge, 1.6x1 0“ 1 9 C 
Fqa accelerator electrode open area fraction 
Fqs screen electrode open area fraction 
g acceleration of gravity, 9.81 m/sec 2 

I S p specific impulse 

Jg ion beam current, A 

K c clausing conductance factor 

k Boltzmann's constant, 1.38xl0 -22 , JK -1 

m xenon atom mass, 2.18x1 O -25 kg 

mj Ingested flow rate, eq. A. 
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P thruster input power, W 

Pp vacuum facility pressure, Pa 

T thrust, N 

T|a| vacuum faci 1 i ty wal 1 temperature, K 

t^ accelerator electrode thickness, mm 

t s screen electrode thickness, mm 

Vq discharge voltage, V 

Vn net accelerating voltage, V, Potential of discharge chamber plasma with 
respect to the local ground 

a thrust correction factor due to multiply - charged ions 

y total thrust correction factor including effects due to multiply-charged 

ions and beam divergence. 

c screen electrode hole pattern reduction to compensate for electrode hole 
misalignment, percent 

no discharge propellant efficiency, uncorrected for multiply charged ions 
np total thruster propellant efficiency uncorrected for multiply charged ions 
ny overall thruster efficiency 

APPARATUS AND PROCEDURE 
Ion Optics Fabrication 

Figure 1 shows the steps of the NASA Lewis ion optics fabrication process. 
Fifteen years ago, 30-cm-diam ion optics were fabricated from low carbon arc 
cast molybdenum sheet. Since then, pressed and sintered molybdenum improved in 
quality and became available in a deep draw grade for high stress forming oper- 
ations. The sintered molybdenum was selected for 50-cm-diam ion optics. 
Cross-rolling of this material was also specified. The flat molybdenum sheets 
were then sent to a vendor for application of both a photosensitive coating in 
the desired hole array pattern and indices to insure alignment. This coating 
was resistant to chemicals that etch molybdenum. The printed molybdenum sheets 
were returned to NASA Lewis where pairs of sheets were aligned and prepared for 
hydroforming. 

The hydroforming apparatus of reference 11 was redesigned, as shown in 
figure 2, and has been used to fabricate all 30- and 50-cm-diam ion optics at 
NASA Lewis since those described in reference 11. Two flat molybdenum sheets, 
with photoresist patterns aligned, were placed between the upper and lower 
clamping rings, of the appropriate diameter, as shown in figure 2. A 0.38-mm 
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thick sheet of stainless steel was placed above the molybdenum pieces to reduce 
the stress on the molybdenum pieces at the locking "vee" groove. A piece of 
polyethylene was placed over each molybdenum sheet to protect the photoresist 
pattern from being scratched. 

The pressure chamber plate and piston were then lowered onto the upper 
clamping ring and the lifting nuts lowered. Nuts were hand tightened onto the 
clamping bolts and the cavity above the piston was filled with water. A rubber 
sheet above the piston sealed the volume between the pressure chamber plate and 
the piston. An air-actuated hydrostatic pump pressurized the water in the cav- 
ity to 1 x 1 0 7 Pa (1500 psi), forcing the "vee" of the upper clamping ring and 
metal sheets into the matching groove in the lower clamping ring. The water 
pressure was then removed and the clamping nuts were retightened by hand. The 
water above the piston was repressurized to 1.7x1 0 7 Pa (2500 psi). 

A ring of rubber sheet between the baseplate and the lower clamping ring 
sealed the lower hydroforming cavity. A second air-actuated hydrostatic pump 
pressurized the water-filled cavity between the baseplate and the ion optics 
and forced the electrodes upward into the free space between them and the pis- 
ton. As shown in figure 2 the electrodes were dished without the aid of a 
forming die. Hydroforming pressures up to 2.3x1 0^ Pa (330 psi) were required 
to produce dish depths to 5.1 cm in 50-cm-diam ion optics. The resultant dish 
depth was nearly linear with hydroforming pressure. The formed ion optics were 
then removed from the hydroforming apparatus and returned to the vendor to 
chemically etch the holes into the solid molybdenum sheets and then remove the 
photoresist coating. 

With the exception of the three sets of electrodes evaluated in refer- 
ence 11, none of the 30- or 50-cm-diam electrodes fabricated at NASA Lewis were 
stress relieved. It was found, in reference 19, that additional grid shaping 
could occur during the stress relieving process. Performance comparisons of 
30-cm-diam electrodes which were and were not stress relieved, showed no advan- 
tages of either technique. Therefore, it was decided to forgo the stress 
relieving step for laboratory hardware fabricated at NASA Lewis. Reference 20 
documents the evolution of a stress relieving procedure which has been used in 
the development of xenon ion thrusters (ref. 17). 

Table I lists the geometric properties of the 30- and SO-cm-diam'di shed 

ion optics used in this Investigation. The NASA Lewis built 30-cm-diam elec- 

trodes were attached at their perimeter to 0.38 cm thick, flat molybdenum rings 
which were held apart by aluminum oxide Insulators located upstream of the 
optics plane in a manner similar to that described in reference 11. To elec- 
trically evaluate 50-cm-diam ion optics, they were separated by a ring of 
synthetic mica and held in compression by large diameter, 0.38-cm-thi ck molyb- 
denum rings. 

The cold grid-to-grid spacings of 50-cm-diam ion optics were found to be 
nonuniform whether they were assembled or unassembled. In most cases the mini- 
mum gap at the ion optics edge was significantly less than the centerline spac- 

ing. There are several possible reasons for the gap nonuniformity. First, 
regions of differing springback after hydroforming may occur due to variations 
in material thickness of up to 10 percent. The large span to thickness ratio 
also Increased the fragility of the ion optics, some of which suffered varying 
degrees of deformation during handling. Variations up to 40 percent in the 
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thickness of the mica spacer rings also contributed to the large variations in 
the grid-to-grid spacing. In addition, the undished perimeter flange was not 
always flat and normal to the thruster axis. Therefore, stresses were probably 
induced in the electrodes when they were clamped between the mounting rings. 
Such stresses may have led to changes in the grid-to-grid spacing under thermal 
loading of thruster operation. 


Ion Optics Mechanical Evaluation 

Vibration and shock tests of individual 50-cm-diam electrodes and an 
assembly of electrodes were conducted at the Structural Dynamics Laboratory at 
NASA Lewis to evaluate their structural integrity. Table II lists the perti- 
nent test parameters. All vibration table motion was vertical, along the axis 
of symmetry of the electrodes as shown in figure 3. Ion optics set 8, which 
is identical in aperture dimensions to state-of-the-art 30-cm-diam ion optics 
(ref. 13.), was vibrated. Set number 8 represents the expected geometric 
extremes for screen and accelerator electrode open area fractions of 0.67 and 
0.24, respectively. In all cases, the single or double electrodes were clamped 
to the vibration table by a 1.27 cm thick, 13.2 cm wide aluminum ring which was 
cut into eight equal segments. 

For all single electrode tests, the vibration table motion was controlled 
by the output of a single accelerometer located at the inner edge of the seg- 
mented clamping ring, which was adjacent to the dished region of the electrodes 
as shown in figure 3. For the two-electrode tests (runs 6 and 7) the feedback 
signal from another accelerometer, located 180° from the one used for runs 1 
to 5, was averaged with the first signal to control the table motion. The 
individual electrodes were first tested for resonant frequencies with a sine 
sweep from 5 to 2000 Hz at an acceleration of 0.25 g and a sweep rate of 3 
octaves per minute. The electrodes were then evaluated with random vibration 
at 4.2 and/or 15 g. The individual electrodes were then assembled with a 
0.76-mm-thick mica ring and random vibration tested at 15 g and shock tested 
to a 36-g peak with three half-sine pulses of about 8 msec duration. 

Three response accelerometers were used for each single electrode test. 

One accelerometer was attached to the center of the electrode and the other two 
were located at half-radius, 90° apart. No response accelerometers were used 
for the two-electrode assembly. Instead, a 1.5 V battery powered continuity 
checking circuit and event counter were used to monitor electrode contact dur- 
ing the 15 g random vibration test. 


Ion Optics Electrical Evaluation 

The ability of a set of electrodes to efficiently extract an ion beam from 
a discharge chamber is measured by its "perveance." Perveance for a diode con- 
figuration is defined as the space charge limited current divided by the three- 
halves power of the potential difference between the electrodes. The perveance 
limited ion beam current is achieved when a significant increase in accelerator 
grid current is obtained, due to ion defocusing from space charge effects, as 
the total accelerating voltage is reduced. To provide margin, normal ion 
optics operation occurs at total voltages about 200 V or more above the minimum 
value, or at beam currents about 15 percent or more below the maximum value. 
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Deviations from the dependency on the three-halves power of the potential 
difference between the discharge plasma and the accelerator grid have been 
observed, and were usually greater than three-halves, (refs. 11 and 21). 

These deviations have been attributed to variations in the electrode spacing 
during operation, and to differences between actual ion thruster conditions and 
the assumptions made for the ideal planar diode. Some of these differences 
were discussed in detail in reference 22. 

The ion extraction capabilities of 30-cm-diam ion optics sets 1, 2, and 3, 
evaluated on several 30-cm-diam discharge chambers, were compared. Optics set 
3 was also evaluated on the 50-cm-diam ring-cusp discharge chamber to allow 
comparisons with 50-cm-diam optics sets 4 to 7 which were evaluated on the 
50-cm-diam discharge chambers. Table I lists the different ion optics sets 
and identifies those discharge chamber-ion optics combinations evaluated. 


Discharge Chambers 

The 30-cm-diam divergent field and ring-cusp discharge chambers designated 
"30DIV" and "30RC," respectively, were employed to evaluate 30-cm-diam ion 
optics sets 1, 2, and 3 in references 21, 3, and 4, respectively. The ion 
extraction capabilities of optics sets 3 to 7 were evaluated on at least one of 
the three 50-cm-diam discharge chamber configurations shown in figures 4 to 6. 
The main difference between the discharge chambers was that one, designated 
"50DIV" (fig. 4), utilized a weak divergent magnetic field generated throughout 
the chamber volume with electromagnets to contain the plasma while the other 
two (figs. 5 and 6) incorporated rings of rare-earth permanent magnets to 
produce strong boundary cusp magnetic fields. The ring-cusp geometry was des- 
ignated "50RC." When optics set 3 was evaluated on 50RC, an adapter plate was 
required as shown in figure 6. This mild steel plate was electrically isolated 
from the discharge chamber and usually held at cathode potential. It had 
either 0 or 2 layers of magnet arranged in three rings. These two configura- 
tions were designated "50RC0" and "50RC2," respectively. Additional discharge 
chamber information has been presented in references 3 to 5 and 23. 


Vacuum Faci 1 i ties 


Ion optics evaluations were conducted in two large vacuum facilities at 
NASA Lewis. The divergent field thruster was operated in a 7.6-m diam by 
21.3-m long vacuum facility while the ring-cusp thruster was operated in a 
4.6-m diam by 19.2-m long facility. Vacuum facility pressures, without propel- 
lant flow, were about lxl 0 -4 Pa (8x1 0 — 7 torr) and were achieved with twenty 
0.8-m-diam oil diffusion pumps. During thruster operation, the facility pres- 
sure varied from 0.5 to 2xlO - 3 Pa (0.4 to 1.6x1 0 - ^ torr) for xenon flow rates 
of 3 to 12x1 0 -6 kg/s. At these pressures, non-negl igi ble amounts of facility 
residual gas may be ingested by the thruster and contribute to the discharge 
chamber neutral density. 

This flow rate was estimated from equation (1) (ref. 23) as: 


PFA X e 

m T = — — - , eq. A. 


1 




2irmkT. 
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Symbols are defined in the SYMBOLS list. 


Power Suppl ies 

Two similar 60 Hz laboratory power supply systems were used interchange- 
ably to evaluate the ion optics. They have been described in references 3 
and 21. 


Overall Thruster Performance 

Values of input power, thrust, specific impulse, and efficiency were cal- 
culated using the equations and assumptions of reference 23. 


RESULTS 

The structural integrity and ion extraction capability of 50-cm-diam ion 
optics were evaluated. Values of overall thruster performance using these 
optics were also calculated. 


Ion Optics Mechanical Evaluation 

Resonant search . - Resonant searches of individual screen and accelerator 
electrodes (runs 1 and 4, table II) were conducted using a 0.25 g amplitude 
sine sweep. The response spectra of accelerometers located at the centers of 
the screen and accelerator electrodes are shown in figures 7(a) and (b), 
respectively. These spectra clearly show closely spaced higher order resonant 
frequencies above about 600 Hz for the screen electrode and 900 Hz for the 
accelerator electrode. Acceleration amplification factors at the center of 
each electrode were as high as 370 for the screen electrode and 140 for the 
accelerator electrode. The maximum acceleration levels obtained at the screen 
electrode half radius were 3200 and 270 percent lower than that at the screen 
electrode center. The maximum acceleration levels obtained at the accelerator 
electrode half radius were only 34 and 14 percent lower than that at the accel- 
erator electrode center. The accelerator electrode is more massive than the 
screen electrode because it has a lower open area fraction. These large varia- 
tions may be due to excitation of different mode shapes for each electrode. 

The absence of a clear consistent fundamental frequency and subsequent harmon- 
ics, for the electrodes during sine and random vibration tests, indicates the 
complexity of the problem. For example, the low frequency "resonance" at 
150 Hz (fig. 7(a)) was observed only during run 1 of the screen electrode and 
is not understood at this time. 

For purposes of comparison, an accelerometer, located at the center of the 
accelerator electrode of a complete 30-cm-diam mercury ion thruster, indicated 
resonant frequencies from 135 to 270 Hz during a sinusoidal vibration test with 
an 11 g input. Amplification factors at these frequencies of about 10 were 
measured (ref. 24). Electrode shape, dimensions, and mounting techniques would 
be expected to significantly impact the responses. 
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Random vibration . - The 4.2 g random vibration Input spectrum (run 2), 
shown In figure 8(a), was selected to be representative of a Titan III launch 
vehicle. The desired random vibration spectrum was specified and boundaries, 

±3 dB from the desired acceleration spectral density, were drawn. The vibra- 
tion table motion was controlled to provide acceleration spectral density val- 
ues within these boundaries. The peak and total integrated responses of the 
accelerometer located at the center of the screen electrode were 624 and 111 g, 
respectively, and were obtained from the spectrum shown In figure 8(b). The 
total Integrated response is defined as the square root of the area under the 
spectrum. As It was for the sine sweep, the response was negligible up to 
600 Hz and the maximum acceleration occurred at about 1300 Hz. At 1300 Hz, the 
peak acceleration amplification factor was about 310. At this frequency both 
the maximum acceleration and total integrated response acceleration, Indicated 
by the two half-radius accelerometers, were 1.7 and 2.7 times less than that at 
the center. The order of the half radius results given here Is the same as 
that given for the sine sweep. Note that the relative responses of the sine 
and random runs are very different. 

Because there was no apparent physical damage to the screen electrode, the 
vibration table input level was raised to 15 g (run 3) with the spectrum shown 
in figure 9(a). The response spectrum for the center of the screen electrode 
Is shown In figure 9(b). The peak and total responses were about 1140 and 
320 g, respectively, with the amplification factor at the peak acceleration 
dropping to about 180. At half-radius, the spectra peaks near 600 Hz, for both 
accelerometers were greater than those near 1300 Hz with amplification factors 
ranging from 40 to 110. Again, there was no apparent damage. 

The accelerator electrode was vibrated in a random motion with only a 15 g 
input level (run 5) having boundary levels identical to those of figure 9(a). 
The response of the center accelerometer is shown in figure 9(c). Peak values 
of acceleration, of about 670 g, were observed at frequencies near 1000 and 
1500 Hz giving acceleration amplification factors of 70 and 100, respectively. 
The total integrated response was 211 g. Assembled as a set, with a spacing of 
about 0.76 mm, the screen and accelerator electrodes were subjected to a random 
vibration test (run 6) at 15 g. The input spectrum boundaries were the same as 
in figure 9(a). Displacements of the assembled electrodes were sufficient to 
cause repeated electrode contact throughout the run. Based on this fact and a 
simplified analysis, the centerline electrode displacements at the resonant 
frequencies were estimated to be about 0.5 mm. However, after the run, inspec- 
tion indicated, as in the cases of single electrodes, that no damage had 
occurred. 

In summary, the energies in the response spectra were concentrated in the 
higher order resonant frequency domains, as expected, although the main energy 
contents of the random input spectra were in the frequency range below 800 Hz. 
Due to acceleration amplification factors of several hundred times the inputs 
at the resonant frequencies, the high frequencies involved led to displacements 
of order 0.5 mm which caused electrode contact. These displacements apparently 
had little potential for damage during either sine or random vibration testing. 

Shock test . - A series of three half-sine 36.4-g shock pulses were con- 
ducted during run 7 to conclude this preliminary structural testing. The spe- 
cimens showed no visible evidence of damage when inspected at the conclusion of 
the test sequence. 
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Ion Optics Electrical Evaluation 


The ion extraction capabilities, of ion optics sets 3 to 7 from table I, 
were evaluated on the 50-cm-diam discharge chambers, as shown in table I, and 
compared. 

The 30-cm diam ion optics . - Figure 10 compares the xenon ion extraction 
capabilities of three sets of 30-cm-diam ion optics which were identical, 
except that the accelerator grid hole diameters of optics set 3 were 11 percent 
greater than those of set 1 and the accelerator grid thicknesses of optics 
sets 2 and 3 were 33 percent greater than that of set 1. The ion optics were 
evaluated on four different discharge chamber configurations. The circular and 
square data points, obtained with optics sets 1 and 3, respectively, evaluated 
on identical, modified J-Series discharge chambers described in references 21 
and 3, respectively, define nearly identical ion extraction capabilities. 

Figure 10 also shows the ion extraction capability of optics set 2 eval- 
uated on the NASA Lewis baseline 30-cm-diam ring-cusp discharge chamber 
(ref. 4). Compared to optics sets 1 and 3 on the divergent field discharge 
chamber, the perveance of optics set 2 is between 30 and 40 percent lower than 
that of optics set 3. Applying the sensitivities of perveance to changes in 
accelerator grid hole diameter (ref. 24) and cold grid spacing (ref. 22) to the 
geometric differences between optics sets 2 and 3, their perveances should have 
been Identical if evaluated on the same discharge chamber. One possible expla- 
nation for the perveance difference, offered in reference 5, was that ring-cusp 
thrusters typically exhibit current density profiles which are more axially- 
peaked than those of divergent field thrusters. Beam current density profiles 
were not measured for any of the data of figure 10. The perveance difference 
was not due to differences in discharge power (and, thereby, unlikely to be due 
to thermal differences) because the ion production costs (discharge watts per 
beam ampere), for values of beam current 2A and above, were constant within 
10 percent for both sets of data. 

When ion optics set 3 was evaluated on the 50-cm-diam ring-cusp discharge 
chamber, the adapter plate had either no magnets (50RC0), or three rings of 
double-layer magnets (50RC2) to reduce the ion wall losses (refs. 5 and 23). 
Compared to the J-Series discharge chamber, the ion extraction capability for 
50RC0 was about 20 percent greater and that of 50RC2 about 20 percent below. 
With magnets on the adapter plate, the discharge power of 580 W (discharge 
voltage times emission current) required to produce a beam current of 2.3 A was 
half that when no magnets were used. Thus, the ion optics were probably hotter 
for the case without adapter plate magnets which may have resulted in a closer 
grid-to-grid spacing and higher perveance. The presence of strong field mag- 
nets near the ion optics may have also altered the plasma density profile. 
Compared to the ion extraction capability of the NASA Lewis baseline 30-cm-diam 
ring-cusp thruster, the ion extraction capabilities for 50RC0 and 50RC2 were 
about 80 and 40 percent greater. 

The 50-cm-diam ion optics; divergent field thruster . - The ion extraction 
capabilities of 50-cm-diam optics evaluated on the 50-cm-diam divergent field 
discharge chamber are shown in figure 11. The solid lines are boundaries for 
scatter in the data. There are several notable features which will be dis- 
cussed separately for each optics set. 
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The perveance data for Ion optics set 4 contain variations of nearly 
50 percent which appeared to be primarily a function of discharge power. For 
example, the data points connected by nearly vertical dashed lines were 
obtained at thermal equilibrium conditions and constant propellant flow rates 
with only variations in discharge power (primarily discharge current) and con- 
sequently, propellant efficiency. However, when the discharge power was held 
nearly constant at values between 500 and 550 W the resulting perveance was 
also constant. The space charge limited beam current increased from 1.7 to 
3 A with the three-halves power of the total accelerating voltage and only 
increases of propellant flow rate as indicated by the solid line connecting the 
six circular data points at 3 A or less. Values of propellant efficiency for 
these points, ranged from about 0.4 to 0.5. The maximum values of propellant 
efficiency for optics set 4 were limited by the high open area fraction of the 
accelerator electrode which allowed significant losses of neutral propellant. 
Similarly, the four optics set 4 data points connected by the upper solid line, 
were obtained as the discharge power and propellant efficiency were increased, 
respectively, from only 870 to 1130 W and from 0.6 to 0.7. Assuming thermal 
radiation was the dominant heat loss mechanism, this power change would be 
expected to raise the average electrode temperature only about 7 percent and 
have a negligible effect on perveance. Again, the perveance was nearly con- 
stant. Thus, it appears that part of the observed increases in perveance, with 
increases in beam current and discharge power, which are reflected as a greater 
than three-halves dependency may be due to electrode temperature increases 
which can lead to electrode spacing decreases. Possible variations in plasma 
density profile may also contribute to the perveance variations. 

The thermal response time of the molybdenum electrodes is very short, 
whereas that of the molybdenum mounting ring adjacent to the screen electrode 
was found to be about 2 hr for a discharge power input change from 0 to 850 W. 
Therefore, only perveance data obtained 2 hr after start-up were presented. 

When taken during the warm-up period, perveance data were below the lower 
solid lines for each ion optics geometry and not repeatable. The ion extrac- 
tion capabilities of Ion optics sets 5 and 6, which had smaller accelerator 
electrode holes, were less than that of set 4. This trend was anticipated, 
based on results with 30-cm optics presented in reference 25, but the sensitiv- 
ity was greater than expected. As with ion optics set 4, variations in the 
perveance with discharge power were large (up to 35 percent). Again, the 
points connected by dashed lines were obtained at constant propellant flow 
rates with only discharge power varied. 

When ion optics set 7 was evaluated, the perveance was so low only limited 
data were obtained. During evaluation of ion optics set 5, the accelerator 
electrode impingement current initially dropped from 17 percent of the beam 
current, to less than 2 percent after 6 hr. Post test inspection revealed that 
ion beamlets were striking the walls of the accelerator electrode holes, espe- 
cially at the outer radii. This erosion was not circumferentially symmetric, 
which indicated localized regions of misalignment and/or large grid spacing 
variations during operation. The best perveance of optics set 7 was less than 
that of optics set 3 (which had nearly the same geometry) even though the ion 
extraction area was nearly triple that of optics set 3. 

For 30-cm-diam ion optics evaluated at a beam current of 2 A on a 30-cm- 
diam, divergent field mercury ion thruster, the minimum total accelerating 
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voltage increased from about 1050 to 1190 V as the accelerator grid hole diame- 
ter was decreased from 1.91 to 1.14 mm. Considering lighter xenon propellant 
and larger area 50-cm-diam ion optics, beam currents of 7.5 A were expected for 
the same total voltage and accelerator hole diameter ranges as used with 30-cm- 
diam configurations. Figure 11 shows that beam current extrapolations to these 
conditions varied, at best, from 5.6 A for optics set 4 to only about 1.2 A for 
optics set 7. Thus, not only were the levels of beam current lower than 
expected, but, they were more sensitive to variations in accelerator hole diam- 
eter than for 30-cm-diam ion optics. The sensitivity of impingement-limited 
normalized perveance per hole to accelerator grid hole diameter observed in 
reference 26 for small area optics was nearly identical to that observed for 
50-cm-diam optics. The causes of the behavioral differences between 30- and 
50-cm-diam ion optics are not known at this time. However, it is known that 
the fabrication quality of these first generation 50-cm-diam ion optics is poor 
and that the edge spacing variations are large compared to those of 30-cm-diam 
ion optics. 

The 50-cm-diam ion optics, ring-cusp thruster . - The ion extraction capa- 
bilities of the 50-cm-diam optics were also evaluated with the 50-cm-diam ring- 
cusp discharge chamber, as shown in figure 12. 

The sensitivity of optics perveance to discharge power and resultant ther- 
mal effects, shown in figure 11, was not observed with the ring-cusp discharge 
chamber. This result may be attributed to the fact that the ring-cusp dis- 
charge chamber produces ions more efficiently than the divergent field geometry 
and would be expected to have reduced thermally related effects on the ion 
optics. 

Reference 23 showed that for propellant efficiencies in excess of 0.8, the 
ion production costs for the ring-cusp thruster decreased from about 170 to 
100 W per beam ampere with decreasing accelerator electrode hole diameter 
(optics sets 4, 6, and 7). For the data of figure 12, typical ion production 
costs, for propellant efficiencies of 0.7 and above, were typically 40 to 
70 percent less than those of the divergent field discharge chamber (fig. 11). 
In addition to differences in the levels of discharge power, differences 
exist, between each discharge chamber design, in the distribution of that 
power. The electron current in divergent field thrusters is collected at the 
downstream end of the anode (ref. 27), while it is more uniformly distributed 
in ring-cusp thrusters (ref. 19). These variations would be expected to result 
in lower steady-state temperatures of the electrodes and mounting rings when 
tested on the ring-cusp thruster and are probably the major causes of the diff- 
erences in response to changes in discharge power. These effects may produce 
smaller changes in the electrode gap at thermal equilibrium which would result 
in lower perveance values than those obtained with the divergent field dis- 
charge chamber. 

The sensitivity of perveance to accelerator electrode hole diameter was 
nearly the same as that found with the divergent field discharge chamber. How- 
ever, the perveance of each optics set evaluated on the ring-cusp discharge 
chamber was always lower than it was for the divergent field geometry. The 
differences were about 30 percent for optics sets 4, 5, and 6 and about 20 per- 
cent for set 7. The differences are believed to be primarily due to variations 
in the thermal environments and/or plasma density distributions as explained 
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earlier. Thus, the Improved performance of the ring-cusp discharge chamber was 
offset slightly by a reduction in the ion extraction capability. 

This penalty was minor relative to the reduced levels of beam current 
obtained compared with those anticipated based on the performance of 30-cm-diam 
ion optics. Fabrication process improvements, such as stress relieving, may 
reduce grid spacing variations and hole misalignment. 


Overall Thruster Performance 

Values of overall thruster performance were calculated for both 50-cm-diam 
discharge chambers operated with 50-cm-diam ion optics using demonstrated con- 
ditions. Tables III and IV list the operating conditions and calculated per- 
formance values for the 50-cm-diam divergent field and ring-cusp xenon ion 
thrusters. Figures 13 and 14 present the thrust obtained as a function of 
thruster input power and thruster efficiency as a function of specific impulse, 
respectively. Figure 13 shows that the thrust increased nearly linearly from 
0.09 to 0.64 N as the thruster input power was raised to 20 kW. Thrust-to- 
power ratios varied from 41 to 32 mN/kW for the data shown. Figure 14 shows 
that thruster efficiency increased nearly linearly from 34 to 79 percent as the 
specific impulse was raised from 1700 to 5000 sec and was relatively insensi- 
tive to ion optics geometry or discharge chamber type. Therefore, over this 
range the thrust-to-power ratio would be expected to be nearly constant as 
observed in figure 13. Because ion thruster efficiency is essentially deter- 
mined by specific impulse, the selection of a given geometry is not based on 
performance but on other factors, such as lifetime. 

A divergent field 30-cm-diam xenon ion thruster, operated for 567 hr at 
10 kW, experienced intolerable erosion rates of the discharge baffle (ref. 3). 
Reference 5 showed severe performance degradation with the baffle removed. 
However, the ring-cusp geometry yields superior performance without the need 
for a discharge baffle (refs. 5 and 19). Therefore, thrusters incorporating 
the ring-cusp magnetic field design are now the baseline geometry (refs. 4 
and 23). 


CONCLUSIONS 

Interest in high power, high specific impulse xenon ion thrusters is 
increasing. Thrusters with diameters greater than 30 cm offer prospects for 
improved lifetime and a more modest thermal environment. Therefore, 50-cm-diam 
ion thrusters have been evaluated at NASA Lewis. Because they typically proc- 
ess more than 80 percent of the thruster input power, the ion optics are con- 
sidered to be the most critical component of ion thrusters. 

The fabrication process and apparatus used at NASA Lewis to construct 
30- and 50-cm-diam ion optics were described. Stress relieving the electrodes 
after hydroforming had been omitted from the NASA Lewis process without delete- 
rious effects on 30-cm-diam optics but may be required for larger electrodes. 

The 50-cm-diam ion optics with screen and accelerator electrode open area 
fractions of 0.67 and 0.24, respectively, were vibrated to levels several times 
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those representative of the Titan III launch vehicle and subjected to repeated 
36 g shocks. No damage was observed for electrodes vibrated singly or as a 
set. 


The ion extraction capabilities of state-of-the-art 30-cm-diam ion optics 
were evaluated on a 50-cm-diam ring-cusp discharge chamber and found to be as 
much as 20 and 80 percent greater than those obtained when evaluated on 30-cm- 
diam divergent field and ring-cusp discharge chambers, respectively. 

The ion extraction capabilities of four sets of 50-cm-diam optics were 
evaluated on 50-cm-diam divergent field and ring-cusp discharge chambers. The 
general perveance level was significantly less than expected based on the ion 
extraction capabilities of 30-cm-diam optics. In addition, the sensitivity of 
perveance to accelerator electrode hole diameter was stronger for 50-cm-diam 
optics than for 30-cm-diam optics. A sensitivity of 50-cm-diam ion optics per- 
veance to discharge power level was observed with the divergent field discharge 
chamber but not with the more efficient ring-cusp geometry. In addition, the 
perveance of a given set of ion optics was 20 to 30 percent lower on the ring- 
cusp discharge chamber compared to that obtained with the divergent field geom- 
etry. These effects may be thermally induced and, therefore, sensitive to 
discharge power and temperature distributions. 

Values of overall thruster performance were calculated from demonstrated 
discharge chamber and ion optics conditions. The thrust increased from 0.09 to 

0.64 N as the thruster power was increased to 20kW and thruster efficiency 
increased from 34 to 79 percent as the specific impulse was increased from 
1700 to 5000 sec. These performance values were relatively insensitive to ion 
optics geometry or discharge chamber type. Therefore, selection of the ring- 
cusp thruster design was based on other factors, such as lifetime. 

As the ion optics fabrication procedure and mounting design mature, 50-cm- 
diam ion thrusters should have a significant potential for growth in thrust and 
power levels. 
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TABLE I. - ION OPTICS GEOMETRY AND EVALUATION ENVIRONMENT 


Ion 

optics 

set 

Fabricator 

Oi ameter 
of ion 
extraction 
area, 
cm 

e. d 

per- 

cent 

Dimensions 

Di scharge 
chambers 
evaluated 
on 

Screen electrode 

Accelerator electrode 

Cold 

spacing 

t s , 

mm 

d s , 

mm 

F os 

*A. 

mm 

“A. 

mm 

f 0A 

Center, 

mm 

Edge, 

mm 

1 

Hughes 

28.7 

0 

35 

0 

38 

1 

91 

0 

67 

0 

38 

1.14 

0.24 

0.50 

0.50 

30 DIV b 


Res 

Lab 


















2 

NASA 

Lewis 

28.7 


30 


38 

1 

91 

.67 


51 

1.14 

.24 

.66 

.66 

30 RC c 

3 



28.7 


30 








51 

1.27 

.30 

.76 

.55 

30 DIV, 50 RC0 , 




















50 RC2 

4 



49 


20 








38 

1.91 

.67 

.81 

.66 to 1.0 

50 DIV, 50 RC 

5 















1.52 

.43 

1.12 

.71 to 1.02 

50 DIV 


















.86 

.30 to .66 

50 RC 

6 















1.52 

.43 

.76 

.56 to 1.0 

50 DIV, 50 RC 

7 















1.14 

.24 

.66 

.38 to .66 

50 DIV, 50 RC 

8 

i 


j 





j 







- 1 

1.14 

.24 

1.0 

.76 

Vibration table 


a $creen hole pattern reduction to compensate for electrode hole misalignment. 
^DIV - Divergent magnetic field thruster. 
c RC - Ring-cusp magnetic field thruster. 


TABLE II. - 50-cm-di am ELECTRODE VIBRATION TEST PARAMETERS 


Run 

Electrode 

Vibration 

mode 

Input 

acceleration 

level 

Frequency 
range , 
Hz 

Duration 

1 

Screen 

Sine sweep 

0.25 g 

5 to 2000 

3 oct/mi n 

2 

Screen 

Random 

4.2 grms 

20 to 2000 

1 min 

3 

Screen 

Random 

15 grms 

20 to 2000 

1 min 

4 

Accel erator 

Sine sweep 

0.25 g 

5 to 2000 

3 oct/min 

5 

Accelerator 

Random 

15 grms 

20 to 2000 

1 min 

6 

Assembl y 

Random 

15 grms 

20 to 2000 

1 min 

7 

Assembly 

Shock 

36.4 g 

3 half sine 
pul ses 

7.7 ms each 
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FIGURE 3. - 50-cm-di am SCREEN ELECTRODE CLAMPED TO VIBRATION 
TABLE. 


L HOLLOW 
CATHODE 


-FIELD LINE 70 G 


-HOLLOW CATHODE 


-ELECTROMAGNETS 


ION OPTICS 

MOUNTING 

PLANE 


- SmCo magnets 


25.4 cm /) 


ION OPTICS 

MOUNTING 

PLANE 


o 

/ I 


FIGURE 4. - 50-cm-di am DIVERGENT MAGNETIC FIELD DISCHARGE 
CHAMBER (50 DIV.). 


FIGURE 5. - 50-cm-di am RING-CUSP MAGNETIC FIELD 
DISCHARGE CHAMBER USED WITH 50-CM-DI AM ION 
OPTICS (50 RC). 
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(A) SCREEN ELECTRODE (RUN 1). 
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(B) ACCELERATOR ELECTRODE (RUN 4) 


FIGURE 6. - 50-CM-di am RING-CUSP DISCHARGE CHAMBER USED WITH 
30-cm-DIAM ION OPTICS (50 RCO. 50 RC2) . 


FIGURE 7. - RESPONSES OF ELECTRODE CENTER 
METERS TO 0.25 g SINE INPUT. 
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(B) RESPONSE OF SCREEN ELECTRODE CENTER ACCELEROMETER. 
FIGURE 8. - RANDOM VIBRATION, REPRESENTATIVE OF TITAN III 
LAUNCH VEHICLE, 4.2 g rms (RUN 2). 
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FIGURE 11. - ION EXTRACTION CAPABILITY OF 50-cm-diam ION 
OPTICS EVALUATED ON A DIVERGENT FIELD DISCHARGE CHAMBER 
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FIGURE 12. - ION EXTRACTION CAPABILITY OF 50-CM-diam OPTICS 
EVALUATED ON A RING-CUSP DISCHARGE CHAMBER. 
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FIGURE 13. - THRUST AS A FUNCTION OF THRUSTER INPUT POWER FOR 50-CM-DlAM XENON 
ION THRUSTERS. 
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FIGURE IN. - THRUSTER EFFICIENCY AS A FUNCTION OF 
SPECIFIC IMPULSE FOR 50-cm-diam XENON ION THRUSTERS. 
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